Introduction
The world camel population is estimated at several million animals. Dromedary rearing area is situated in the tropical and subtropical arid as well as semi-arid regions of Africa and Asia [1] . There are two different species of camels belonging to the camelus, namely, the dromedary camel (Camelus dromedarius; one-humped) and bactrian camel (Camelus Bactrianus; two-humped). Camels are known throughout history as companions of man in harsh desert environments [2] . It is widely admitted that dromedary camels produce more milk of high nutritional quality and for a larger period of time than other species in an environment that may be rightly termed as hostile in terms of extreme temperature, drought and lack of pasture [3] . The physical adaptations of this domestic animal were extensively investigated [4] . However, data about its milk are still scarce. The available data have been especially concerned with the general composition of the milk [2, 3, [5] [6] [7] and its ability to transform into dairy products [8] [9] [10] [11] . Thus, studies on its lipid components cause the interest of authors more and more. Several authors have reported on the impossibility of its transformations into butter [12] . On the other hand, the feasibility of this inversion operation of this emulsion has been reported [13] . The very slow rate of spontaneous creaming [14, 15] and difficulty of centrifuge skimming have been shown [15] [16] [17] . The lipid content of lipid dromedary milk were the subject of many studies [6, 15, [18] [19] [20] [21] [22] [23] . Recently, Karray et al. [17, 24] studied physical properties of dromedary milk fat. The aim of this paper is to examine the present state of knowledge on the composition, the microstructure and essentially the physical properties of dromedary milk fat.
Fatty acids composition
In camel milk, fat, that represents about 3.6% of the composition [6] , is dispersed in the form of globules, enveloped in a membrane [15] , derived from the secreting cell and constituted by phospholipid-protein complexes. Milk fat is mainly composed by triacylglycerols (TG) with a broad variety of Fatty Acids (FA) composition. FA composition of camel milk fat varies as a function of the countries where camels live [6, 16, 18, 21, 22, 25] . FA composition is influenced by environmental and physiological factors such as diet, stage of lactation and genetic differences within the species [16, 26] (table 1) . Various authors determined the FA composition of camel milk fat and compared it to that of bovine milk fat. Short-chain FA (C4-C12) are present in very small amounts in camel milk fat compared with the bovine milk fat [15, 16, 18, 21, 22] . Depending on the authors and likely geographic area considered, the long chain saturated FA, of even-number (C14-C22) and odd-number (C15-C23) are higher for camel milk fat than those for bovine milk fat [6, 18] . Stearic acid (C18:0) is present in higher amount in camel milk fat [15, 18] . The comparison of the amount of palmitic acid (C16:0) in camel and bovine milk fat is still discussed by the authors. Abu-Lehia [18] found that it is present in similar amounts in camel and bovine milk fat. However, Attia et al. [15] found that the proportion of C16:0 was lower in dromedary milk fat and Farah et al. [16] found that this fatty acid is present in higher quantities in camel milk originating from Kenya. The content of unsaturated (C14-C18) FA is significantly higher in camel milk fat than that of bovine milk fat. The unsaturated FA of camel milk fat is characterized by a higher amount of the C16:1 FA as compared with bovine milk fat. It was found that oleic acid (C18:1), the more abundant unsaturated FA, is present in higher amount in camel milk fat [18] or that the proportion is practically the same in dromedary and bovine milk fat [15] . Gorban et Izzedine [21] [21] . Bovine milk TG have high content of short and medium-chain saturated FA. The main saturated FA in camel milk were C16:0 (34.9 %), C14:0 (14.5 %) and C18:0 (9.7 %). These FA are also the major saturated FA present in bovine milk TG, but a lesser extent than that of camel milk TG with 23.9 %, 11.2 % and 7.0 % respectively. Short-chain FA (C4:0 -C8:0) are present only in bovine milk TG, but are notably absent in camel milk. Ruminants are capable of producing these FA by cellulose fermentation in the rumen, and thus camel milk is expected to contain these short FA. One possible explanation might be that these FA are rapidly metabolized by camel tissue before they have a chance to be excreted in the milk. The presence of medium-chain FA (C10:0-C14:0) in the milk of the bovine and camel could indicate their synthesis in the mammary gland. The distribution of unsaturated FA in the triacyglycerols of camel milk is relatively important. Total polyunsaturated FA were higher in camel milk than bovine milk TG. This is a useful nutritional attribute since polyunsaturated FA may lower human serum lipids and hence lead to decrease the incidence of lipid-related cardiovascular diseases.
Microstructure and fat globule size distribution
Attia et al. [15] found that camel milk fat constitute a discontinuous phase similar to that of bovine milk and was made up of spherical dispersed droplets in the milk aqueous phase (figures 1 and 2) . However, the microstructure of this emulsion revealed two particularities in comparison with that of bovine milk. The first was a higher frequency of smaller diameter globules (figure 3) which may lead to its more efficient hydrolytic cleavage by intestinal tract enzymes. Besides, it constitutes a major obstacle in butter technology since churning operation is much slower when fat globules are small [27] . Moreover, for cheese making, Mehaia [20] reported that more than 25 % of camel milk fat were retained in the cheese whey, resulting in a lower cheese yield. This could be due to the small size of fat globules. Secondly, a more important membrane thickness is evident (figure 2); this property led to a better stability of camel milk emulsion. In fact the study of the globule membrane composition of bovine milk showed a high amount of phospholipids [27] . This film, adsorbed at the fat globule surface, constitutes a real emulsifying agent for fat suspended in the milk. It is the relatively high amount of this emulsifying and a relatively small size of fat globules which may explain the difficult creaming of camel milk. In fact, under identical centrifugation conditions (25°C, 15 min, 3,000 ×g), the total separation of bovine cream was obtained after only one centrifugation, while the dromedary skim milk was obtained after the third centrifugation [15, 17] . Information about the size and structure of milk fat globules is of interest from a biophysical, from a nutritional and technological point of view. The latter aspect is of increasing importance in milk separation as well as in butter and cheese making. Mehaia [20] measured the size distribution of fat globules in camel milk using high light microscopy. The number, average diameters, surface and volume frequency functions were analysed and various parameters related to the stability of fat emulsion calculated by this author (table 3) . He observed that up to 4.5 lm diameter, the percentage of fat globules was 93.2 % in camel and 81.5 % in bovine milks. Besides, corresponding values of number average diameter and volume to surface average diameter were 2.70 lm and 4.40 lm for camel milk, and 3.60 lm and 5.32 lm for bovine milk. Moreover, Karray et al. [28] found that the mean diameter of fat globules in camel milk, measured by using laser light scattering, was 2.66 lm.
On the other hand, Mehaia [20] reported that the fat globules of camel milk exhibit the highest surface area of about 2. Frequence (%) Figure 3 . Size distribution of fat globules of dromedary milk (n) and bovine milk (M) [15] . whereas the values for bovine milk were 1.79 m 2 . However, the specific area of globules per 1 g of fat follow the same tendency, being also the highest for camel and the lowest for bovine milk.
Polymorphism
As observed for other fats [29] [30] [31] [32] [33] [34] [35] [36] [37] , X-ray diffraction (XRD) and differential scanning calorimetry (DSC) are the best techniques to characterize, respectively, the structural and thermal properties of ADMF [17, 24] . Extensive descriptions of TG polymorphism based on data obtained using these techniques can be found in the literature [38, 39] . Briefly, XRD is an essential tool to identify the crystalline structures and polymorphism of pure TG and complex fats. Polymorphism results from the different possibilities of lateral packing of the FA chains and longitudinal stacking of molecules in lamellae. These two levels of organization are identifiable from the short and long spacings observed by XRD at wide and small angles, respectively, as detailed in [30] . The lateral packings of TG molecules frequently observed are a, b' and b in the order of their increasing stability. They have been related to different subcells that have been described in detail [40] . The longitudinal stackings of TG molecules correspond commonly to double or triple chain lengths (2L or 3L). The long spacings, measured by XRD at small angles, correspond to the repeat distance in the direction perpendicular to the lamellae. DSC allows to characterize the thermal properties of pure TG and fats. The consequence of the complex TG composition of fats is that they do not have a true melting point but a broad melting range. The complex DSC recordings result from both the broad distribution of TG composition and the polymorphism of monotropic type of the TG [38] . The DSC recordings depend strongly on heating or cooling rates and on the entire thermal history of the sample [41] . ADMF has a broad melting range and the thermograms present more melting peaks than bovine ones, which is consistent with the differences in their FA compositions [15, 42] . The final melting temperature and the thermal enthalpy are higher in dromedary milk fat, due to the very hot climate in which dromedaries live. Melting of the camel milk fat starts around -26°C and is complete at about 43°C [42] . These characteristics are in relation with the relatively high concentration of long-chain FA that represent an important fraction of high melting point TG and a lower percentage of TG that melt in the medium range around 15°C [42] . XRD complements DSC for elucidating polymorphism of pure TG and fats. The coupling of XRD as a function of temperature (XRDT) and DSC was used to characterize the structural and thermal behaviors of pure TG [43, 44] , fats [30, 32-34, 36, 37, 44, 45] and dispersed systems such as natural bovine milk fat globules [29, 31, 34, 36] and dromedary milk fat globules [46] . Camel milk fat is mainly composed by TG with a broad variety of FA composition. The complexity of its composition originates from the extreme diversity of its FA with respect to chain lengths, position and number of double bonds and branching. The second source of complexity of camel milk fat properties originates from its complex polymorphism. As observed for most of the lipids, each TG of ADMF can exhibit several crystalline forms. The existence of a polymorphism for each TG was studied by several authors [38, 39, 47] . This polymorphism being mainly monotropic, rapidly-crystallized forms are metastable and the transitions between meastable and stable forms are irreversible. The occurrence of the different crystalline forms strongly depends on the thermal history of the TG. Recently, Karray et al. [17, 24] by using coupling of DSC and XRDT, characterized the specific thermal and structural properties of ADMF. These authors examined the crystalline structures formed by TG of ADMF at slow (0.1°C/min), intermediate (1°C/min) and fast (5°C/min) cooling rates and their evolution as a function of temperature during subsequent heating at 1°C/min. A comparison of the structural and thermal properties of the crystalline species of ADMF formed as a function of the cooling rate was also undertaken.
For the first time, the crystalline structures formed by TG of ADMF were identified during a slow cooling (0.1°C/min) [17] . The lamellar organization of the TG molecules was characterized and detailed, as well as its thermal stability on heating. Unexpected, very simple structural behavior, characterized by XRD at small angles, was associated with complex thermal properties. Indeed, a single crystalline form corresponding to a 2L (42.15 Å) stacking and a chain packing of b' type is observed on cooling ( figures 4A and 4B) . The DSC recording obtained simultaneously with small and wide angle XRD experiments during cooling of ADMF at 0.1°C/min revealed the existence of up to 6 exotherms on slow cooling ( figure 5A) . A similar complex behavior was also observed on subsequent heating ( figure 5B ). Upon heating, the melting DSC curve represents about the reverse process of that of crystallization with again the progressive solubilization in the melt of this single crystalline form ( figure 6 ). The existence of a single species is confirmed by all the temperature analysis of the XRD data obtained during both crystallization and melting processes. Moreover, from the absence of any new line at small and wide angles during heating there is no evidence of any b' → b transition. Karray et al. [24] showed that cooling of ADMF in fast conditions (5°C/min), or at intermediate cooling rate (1°C/min), first leads to the crystallization of a form with the existence of longitudinal stacking of the TG molecules corresponding to double chain length structures (47.6 Å and 46.9 Å, respectively, likely the same structure with slightly different TG compositions) ( figure 7A ). This lateral organization of FA chains in hexagonal cell has not been observed on slow cooling at 0.1°C /min that directly generates the stable b' form 2L (42.15 Å) ( figure 7A ). This unstable crystalline a form is responsible for the occurrence of a single line at 4.16 Å at wide angles on the plot recorded on cooling at 1°C/min and the observation of a 4.15 Å line on the plot recorded on cooling at 5°C/min ( figure 7B ). This small distance was absent on the plot recorded on cooling at 0.1°C/min at wide angles. Indeed, there are only those that correspond to the coexistence of two b' forms (3.86 Å, 4.15 Å, 4.29 Å and 4.4 Å peaks) (figure 7B). At this cooling rate, the ADMF doesn't seem to be able to crystallize under a b form (which is the alternate case for fats not crystallizing under a b' form [22] ) probably because of its complex and heterogeneous TG composition that makes difficult the adoption of a compact structure like that of b form. Furthermore, it is of interest to note that a weak XRD bump corresponding to the formation of a new variety with a thickness of 84.5 Å is recorded during cooling of ADMF at 5°C/min. This structure has not been observed on cooling previously neither at the slow cooling of 0.1°C/min [17] nor at that of 1°C/min [24] . Moreover, such crystalline structure 4L have never been met in the anhydrous bovine milk fat when it is cooled at different rates [30, 32, 36] . Taking into account the difference in composition in FA and necessarily in TG between the milks of this two species, this is not at all surprising. Then, this should be considered as a characteristic of dromedary milk fat. Karray et al. [24] proposed the possible molecular packing within the unit cell of the different polymorphic forms reported above, figure 8 summarizes some possible models of arrangement that might explain the X-ray data observed, especially the presence of a line at 84.5 Å.
DSC recordings show that the shape of both the crystallization and melting curves depend on the cooling rate. Table 3 summarizes the different thermal properties of the ADMF after cooling at different rates and its subsequent melting at 1°C/min. It is clear that the initial temperature of crystallization of ADMF decreases with increasing cooling rate, in relation with the nucleation process [39] . [24] .
